Oxidative stress has been shown to play an important role in carcinogenesis, but prospective evidence for an association between biomarkers of oxidative stress and colorectal cancer (CRC) risk is limited. The authors investigated the association between prediagnostic serum levels of oxidative stress indicators (i.e., reactive oxygen metabolites (ROM) and ferric reducing ability of plasma (FRAP)) and CRC risk. This was examined in a nested case-control study (1,064 CRC cases, 1,064 matched controls) in the European Prospective Investigation Into Cancer and Nutrition cohort (1992)(1993)(1994)(1995)(1996)(1997)(1998)(1999)(2000)(2001)(2002)(2003). Incidence rate ratios and 95% confidence intervals were calculated using conditional logistic regression analyses. ROM were associated with overall CRC risk (highest tertile vs. lowest: adjusted incidence rate ratio (IRR adj ) ¼ 1.91, 95% confidence interval (CI): 1.47, 2.48), proximal (IRR adj ¼ 1.89, 95% CI: 1.06, 3.36) and distal (IRR adj ¼ 2.31, 95% CI: 1.37, 3.89) colon cancer, and rectal cancer (IRR adj ¼ 1.69, 95% CI: 1.05, 2.72). When results were stratified by tertile of follow-up time, the association remained significant only in participants with less than 2.63 years of follow-up (IRR adj ¼ 2.28, 95% CI: 1.78, 2.94; P-heterogeneity < 0.01). FRAP was not associated with CRC risk. In conclusion, prediagnostic serum ROM levels were associated with increased risk of CRC. However, this association was seen only in subjects with relatively short follow-up, suggesting that the association results from production of reactive oxygen species by preclinical tumors. biological markers; case-control studies; colorectal neoplasms; oxidative stress Abbreviations: CI, confidence interval; CRC, colorectal cancer; FRAP, ferric reducing ability of plasma; ICD-10, International Classification of Diseases, Tenth Revision; IRR, incidence rate ratio; ROM, reactive oxygen metabolites; ROS, reactive oxygen species.
stress has been associated with the development of cancer (5) .
Oxidative stress is an imbalance between production of reactive oxygen species (ROS) and the ability to detoxify these intermediates and to repair damage caused by ROS. It is able to cause DNA damage and has been suggested to be associated with the development of cancer (5, 6 ). This balance is mainly determined by endogenous enzymatic mechanisms but is also affected by exogenous factors such as lifestyle, medications, and diet (7) . Tobacco smoke is considered a strong pro-oxidant, as it contains high concentrations of ROS. Additionally, certain foods and iron are documented prooxidants, whereas vitamins C and E are among the antioxidant food constituents (6) .
Whether oxidative stress has an actual causal role in carcinogenesis or whether it is an epiphenomenon in the pathophysiology of cancer is still being debated (6) . For example, oxidative DNA lesions have not been identified in tumor suppressor genes and oncogenes, and in a study by Poulsen (8) , high tissue levels of oxidative lesions in animals whose DNA was ''knocked out'' for specific DNA repair enzymes did not result in cancer development.
Only a few epidemiologic studies have been conducted to examine the role of oxidative stress in carcinogenesis. Results from previously published case-control studies have shown increased blood levels of oxidative stress markers in patients with familial adenomatous polyposis (9) and CRC (10) . In 2004, Suzuki et al. (11) prospectively investigated oxidized low density lipoprotein in relation to the risk of developing CRC. They reported a positive association between prediagnostic serum levels of oxidized low density lipoprotein and CRC risk. However, only 161 CRC cases were included in that study.
We conducted a large, prospective epidemiologic study investigating prediagnostic serum levels of oxidative stress markers in relation to subsequent development of CRC. We conducted a case-control study nested within the European Prospective Investigation Into Cancer and Nutrition cohort. Reactive oxygen metabolites (ROM) and ferric reducing ability of plasma (FRAP) were used as indicators of oxidative stress.
MATERIALS AND METHODS

Study population
The European Prospective Investigation Into Cancer and Nutrition was designed to prospectively investigate the relation between diet and various lifestyle factors and the risk of cancer (12) . The study was initiated in 1991 and included 521,448 participants, approximately 70% women and mostly aged 35-70 years. Participants were recruited at 23 regional or national centers in 10 European countries (Denmark, France, Germany, Greece, Italy, the Netherlands, Norway, Spain, Sweden, and the United Kingdom). In the majority of study centers, individuals were selected from the general population of a specific town or province. Selection procedures by center were previously reported by Riboli et al. (12) . The study was approved by the local ethics committees at the participating centers and by the Internal Review Board of the International Agency for Research on Cancer (Lyon, France). All participants gave written informed consent.
Data collection
Food consumption was assessed using country-specific food frequency questionnaires that had been tested against biomarkers in validation studies before the start of the main study (13) . Procedures used for collecting dietary and nondietary information and protocols for blood collection and storage have been reported previously (12) . In short, biologic samples including serum were collected at baseline from 385,747 participants and stored for later analysis. The samples from all countries were processed and aliquoted at the local study centers and stored in heat-sealed straws at À196°C under liquid nitrogen at International Agency for Research on Cancer biorepositories, except the samples from Denmark and Sweden, where tubes were stored at À150°C under nitrogen vapor or at À80°C in freezers, respectively.
Follow-up
Incident cancer cases were identified through record linkage with regional cancer registries at most study centers. In Germany, France, Greece, and Naples (Italy), follow-up was based on a combination of methods, including health insurance records, cancer and pathology registries, and active contact with study subjects and their next of kin. The end of follow-up for the current study was defined as the latest date of complete follow-up for both cancer incidence and vital status; it ranged from December 1999 to June 2003 for centers using registry data and from June 2000 to December 2002 for centers using active follow-up procedures.
Nested case-control design
In this nested case-control study, right or proximal colon tumors included tumors of the cecum, appendix, ascending colon, hepatic flexure, transverse colon, and splenic flexure (International Classification of Diseases, Tenth Revision (ICD-10), codes C18.0-C18.5). Left or distal colon tumors included the descending colon (ICD-10 code C18.6) and the sigmoid colon (ICD-10 code C18.7). Overlapping or unspecified-origin tumors (ICD-10 codes C18.8 and C18.9) were grouped with all colon cancers. Rectal cancer was defined as tumors occurring at the rectosigmoid junction (ICD-10 code C19) or rectum (ICD-10 code C20). Anal canal cancers were excluded. CRC was defined as the combination of colon and rectal cancer.
For each case, 1 control was selected by incidence density sampling from eligible cohort members who were alive and free of cancer at the time of the case's diagnosis and was matched (1:1) by age (62 years at recruitment), gender, study center, time of day of blood collection (64 hours), and fasting status at the time of blood collection (nonfasting: <3 hours; in-between: 3-6 hours; fasting: >6 hours). Women were further matched by menopausal status, phase of menstrual cycle at the time of blood collection, and use of oral contraceptives or hormone replacement therapy at the time of blood collection, because of other studies using the same matched case-control sets.
After exclusion of cases with in situ tumors or tumors of nonmalignant morphology (n ¼ 20) or secondary tumors (n ¼ 2), participants with missing data on both exposures of interest (ROM and FRAP; n ¼ 8), and participants with missing data on covariates (n ¼ 166), 1,064 complete pairs of first incident CRC cases (671 colon cancer, 393 rectal cancer) and matched controls were eligible for analysis. Cases were not selected from Norway (blood samples had only recently been collected; few CRC cases were diagnosed after blood donation) or the center in Malmö, Sweden (limited amount of sample blood per subject).
Laboratory analysis
Serum was used for analysis of oxidative stress biomarkers. As a marker of reactive oxygen, the ROM assay was used, which is a spectrophotometric test that determines the concentration of hydroperoxides. A Diacron kit (Grosseto, Italy) was used (d-ROMs test, MC006), and the method has previously been described by Trotti et al. (14) . The FRAP antioxidant assay was used as a measure of antioxidant capacity. This assay is dependent on a color change due to the reduction of a ferric complex (Fe 3þ ) to a ferrous (Fe 2þ ) complex by a reductant at low pH. The relative activities of samples were assessed by comparing their activities with that of Trolox (Sigma-Aldrich, Zwijndrecht, the Netherlands), a water-soluble analog of vitamin E. The assay was performed according to the method of Benzie and Strain (15) . ROM and FRAP are relatively easy to measure in large quantities. For technical reasons, approximately 66% of all case-control sets were not measured in the same analytical batch. However, batch-to-batch differences are considered to have been minor; the coefficient of variation (interassay), as determined with 2 kit control samples, was only minimal (5.3% and 4.7% at ROM levels of 174 Carratelli units and 487 Carratelli units and 4.0% and 3.8% at FRAP levels of 859 lmol/L and 1,569 lmol/L, respectively), and no significant between-day drift, time shifts, or other trends were observed. All analyses were performed at the Laboratory for Health Protection Research of the National Institute for Public Health and the Environment (Bilthoven, the Netherlands), where technicians were blinded to the case-control status of the samples.
Statistical analysis
Baseline characteristics were compared for colon and rectal cancer cases and controls separately and are presented as frequencies or median values, whenever appropriate. In order to examine possible associations between ROM and FRAP and various lifestyle and dietary factors that may confound the associations between these biomarkers and CRC, we separately evaluated correlations between ROM and FRAP and these factors in controls using Spearman correlation coefficients, with adjustment for study center, age at blood collection, gender, and body mass index. The factors that were assessed included duration of smoking, height, weight, waist circumference, and the following dietary variables: energy derived from fat, energy not derived from fat, and intakes of fruit, vegetables, fish, red and processed meat, alcohol, fiber, polyunsaturated fatty acids, vitamin C, vitamin E, and beta-carotene. For the identification of biomarkers that may be involved in mechanisms potentially underlying the associations between ROM and FRAP and cancer sites, we assessed correlations between ROM and FRAP and serum levels of iron, C-reactive protein (16) , high density lipoprotein cholesterol, apolipoprotein A-I (17), and glycosylated hemoglobin (18) in the same way.
Incidence rate ratios (IRRs) and 95% confidence intervals for CRC and cancer subsites were estimated using conditional logistic regression models. Data were analyzed in tertiles as well as continuously for each increment of 1 standard deviation. Tertile cutoff points and standard deviations were based on control distributions and were used for overall analyses and analyses stratified by anatomic subsite. The trend across tertiles was tested using tertile medians of the site-specific control distribution as a continuous variable in regression models.
In addition to the analysis conditioned on matching factors only, a multivariate model was used. This model included month of blood collection (12 categories), smoking habits (never smoker/former smoker who had quit !20 years previously/former smoker who had quit 10-19 years previously/former smoker who had quit <10 years previously/ current smoker who smoked <15 cigarettes per day/current smoker who smoked 15-24 cigarettes per day/current smoker who smoked !25 cigarettes per day), smoking duration (years, continuous), highest educational level (none/primary school/ technical or professional school/secondary school/additional education, including university degree/not specified), physical activity (inactive/moderately inactive/moderately active/active) (19) , height (cm, continuous), weight (kg, continuous), waist circumference (cm, continuous), consumption of red and processed meats (g/day, continuous), fish (g/day, continuous), and fruits and vegetables (g/day, continuous), and alcohol intake (g/day, continuous).
In order to examine whether preclinical cancer may have affected the results, the associations between ROM and colorectal cancer, colon cancer, and rectal cancer were examined continuously by tertile of follow-up time (cutoff points: <2.63 years and <4.81 years). Because the results were strongly suggestive of reverse causation, all subsequent analyses were performed after excluding participants in the first tertile of follow-up time. Because of a lower number of cases and controls in the additional analyses, there was insufficient statistical power to present results for proximal and distal colon cancer separately. In addition, to evaluate whether there was a specific cutoff point for this potential reverse causation, we excluded the initial years of follow-up one by one in order to investigate when the effect of ROM on CRC risk disappeared.
For ROM, effect modification by several factors was assessed using 2 different approaches. First, since cases and controls were matched on these variables, interactions with age (in tertiles), gender, fasting status, and region were assessed by means of stratified analysis in which ROM was modeled continuously. Region was based on country (north: Sweden and Denmark; middle: the Netherlands, Germany, France, and the United Kingdom; south: Italy, Spain, and Greece). Possible heterogeneity of effects between categories of these variables was tested using the heterogeneity statistic derived from the inverse variance method (20) . In addition, in order to further evaluate the effects of nonmatching variables on the outcome and on each other, we examined interactions (on the additive scale) between ROM and smoking status, physical activity, body mass index, height, weight, waist circumference, alcohol intake, and serum iron level in a joint-effects model. To do this, we constructed combined categories of tertiles of ROM and categories of these separate variables. Except for smoking status and physical activity, which had predefined categories, the other variables were divided into tertiles. Then these combined categories were included in the regression models and were compared with a joint reference category. As a reference category, a combination of the lowest category of the individual variables and the lowest ROM tertile was used. All statistical analyses were performed using SAS software (version 9.1; SAS Institute Inc., Cary, North Carolina). For all analyses, 2-sided P values less than 0.05 were considered statistically significant.
RESULTS
Of 1,064 CRC cases, 671 colon cancer cases and 393 rectal cancer cases were identified ( Table 1 ). The proportion of males was 45.6% among colon cancer case-control sets and 53.2% among rectal cancer case-control sets. Median follow-up time was 3.7 years for colon cancer and 3.9 years for rectal cancer.
The correlations between ROM and FRAP and various lifestyle and dietary factors were weak. The strongest correlations were found between ROM and smoking duration (r ¼ 0.20) and FRAP and waist circumference (r ¼ 0.17). All other correlations ranged from À0.11 (ROM vs. height) to 0.11 (FRAP vs. alcohol intake). For the correlation between ROM and C-reactive protein, a correlation coefficient of 0.39 was found. Correlations with other biomarkers were between À0.12 (FRAP vs. high density lipoprotein cholesterol) and 0.15 (ROM vs. glycosylated hemoglobin). ROM and FRAP were weakly intercorrelated, as demonstrated by a coefficient of 0.08.
As is shown in (Table 3) .
The associations between ROM and CRC, colon cancer, and rectal cancer were further examined in analyses stratified by tertile of follow-up time (Table 4) . For all sites, IRRs in the lowest tertile of follow-up time were significantly higher than those in the middle and highest tertiles (for the lowest, middle, and highest tertiles, IRR ¼ 2.28 (95% CI: 1.78, 2.94), IRR ¼ 1.14 (95% CI: 0.95, 1.38), and IRR ¼ 1.11 (95% CI: 0.89, 1.38), respectively; P-heterogeneity < 0.01). Additional adjustment for serum iron level, C-reactive protein, high density lipoprotein cholesterol, apolipoprotein A-I, and glycosylated hemoglobin did not markedly change the risk estimates (data not shown). When we excluded the initial years of follow-up one by one, the IRR for CRC was no longer statistically significant after 3 years (excluding no years: IRR ¼ After excluding participants in the lowest tertile of followup time, subsequent continuous analyses (within 442 colon case-control sets and 263 rectum case-control sets) were stratified by tertile of age and by gender, fasting status, and region to examine effect modification by these factors. Regarding age, among participants in the highest age tertile, every 1-standard-deviation increase in ROM level was significantly associated with higher risks of CRC (IRR ¼ 1.37, 95% CI: 1.07, 1.75) and colon cancer (IRR ¼ 1.53, 95% CI: 1.10, 2.14). This was not observed for rectal cancer (IRR ¼ 1.86, 95% CI: 0.79, 4.39), but this could have been caused by low numbers in this group. However, a linear trend across age tertiles was not observed, and only for colon cancer were the risk estimates between tertiles of age statistically significantly different (P-heterogeneity < 0.01). IRRs for all cancer sites were similar in men and women, in different categories of fasting status, and across regions.
After excluding participants in the lowest tertile of followup time, interactions between ROM and smoking status, physical activity, body mass index, height, weight, waist circumference, alcohol intake, and serum iron level were examined in a joint-effects model. Among never smokers, a graded increase in risk of CRC by tertile of ROM was seen in comparison with the lowest tertile (tertile 1 
DISCUSSION
To our knowledge, this is the largest prospective cohortnested case-control study to have investigated the association between CRC and indicators of oxidative stress. In this European population of CRC cases and matched controls, a positive association was observed between prediagnostic levels of ROM and the risk of CRC and its subsites. However, this association was apparent only in participants with a relatively short follow-up time. From these patients, blood was collected less than 2.63 years before CRC diagnosis, suggesting that preclinical cancer may have affected the results. For prediagnostic levels of FRAP, no association was found with cancer risk at any of the examined sites.
In a previously published case-control study, Gackowski et al. (10) also reported increased levels of an oxidative stress marker among colon cancer cases. However, because of the retrospective nature of that study, no separate analyses of follow-up time before diagnosis could be conducted as was done in our study. In a prospective study, Suzuki et al. (11) found an association between serum oxidized low density lipoprotein levels and CRC risk. However, only 161 CRC cases were included in that study, and no analyses stratified for time before diagnosis could be conducted. Abbreviations: CI, confidence interval; IRR, incidence rate ratio; ROM, reactive oxygen metabolites; SD, standard deviation. a Conditioned on matching factors only (age, gender, study center, time of day, and fasting status at blood collection; for women only, also menopausal status, phase of menstrual cycle, and use of oral contraceptives or hormone replacement therapy at the time of blood collection).
b Conditioned on matching factors and adjusted for smoking status/dose/duration, physical activity, educational level, month of blood collection, weight, height, waist circumference, and intakes of red meat, processed meats, alcohol, fruit, vegetables, and fish.
c Tertile cutoff points were set to be identical for all cancer sites. d A 1-unit increase in SD was the same for all cancer sites: 74.4 U/mL.
Among participants in the first tertile of follow-up, it is very likely that tumor development and growth has already started at the time of blood collection. It has been shown that human tumor cells are able to produce large quantities of ROS (21) , and it is highly probable that the association between ROM and risk of developing CRC in these subjects is a result of ROS production by preclinical tumors, rather than a causal factor in carcinogenesis (6) . Nonetheless, our Abbreviations: CI, confidence interval; FRAP, ferric reducing ability of plasma; IRR, incidence rate ratio; SD, standard deviation. a Conditioned on matching factors only (age, gender, study center, time of day, and fasting status at blood collection; for women only, also menopausal status, phase of menstrual cycle, and use of oral contraceptives or hormone replacement therapy at the time of blood collection).
c Tertile cutoff points were set to be identical for all cancer sites. d A 1-unit increase in SD was the same for all cancer sites: 267.5 lmol/L.
finding could not conclusively differentiate between increased levels of ROM as a late cause of CRC and increased levels of ROM as an early consequence of CRC. After exclusion of all cases and controls identified in the first tertile of follow-up, only in participants over 62 years of age was an increased ROM level associated with increased CRC risk. We do not have a clear explanation for this finding, and our finding could be due to chance. It may be that the preclinical phase is longer in older patients; however, based on our data, we cannot rule out a causal effect of ROM.
Our finding that the effect of ROM is seen only in never smokers, not in former and current smokers, is counterintuitive. Perhaps, for reasons unknown to us, former and current smokers more efficiently eliminate ROS than never smokers. However, this finding may also be explained by chance.
In the complex concept of oxidative stress, caused by an imbalance between ROS production and detoxifying or cellrepairing ability (5), it is plausible that measurements of reactive oxygen and antioxidant status made separately do not provide sufficient information about this balance. Although they are expected to be counterparts, ROM and FRAP were not correlated in the present study (r ¼ 0.08), and the expected inverse association between FRAP levels and CRC was not observed. It may be that this is explained by specific characteristics of the FRAP assay. This assay measures the ability of an antioxidant to reduce a ferric complex (Fe 3þ ) to a ferrous complex (Fe 2þ ). Since the FRAP assay is largely dependent on the concentration of certain serum components, such as albumin and uric acid, this method does not necessarily have as much sensitivity as the ROM assay to detect changes in free radical production (22) .
Strengths of our study include its prospective design, with the advantage that all blood samples and information on potential confounders were collected before the occurrence of CRC. Furthermore, the relatively large sample size and the collaboration of European countries from north to south contributed a wide variety of lifestyle and dietary habits and CRC incidence rates.
Nonetheless, several limitations should be considered as well. First, for the examination of ROM and FRAP in relation to CRC risk, only a single measurement from a baseline blood sample was used. Reliability of serum ROM and FRAP levels over several years has been reported previously (23) and was poor for ROM (Spearman rank correlations: r ¼ 0.29 for men and r ¼ 0.39 for women) and moderate for FRAP (r ¼ 0.78 and r ¼0.63). By using a single measurement of a biomarker, we are likely to have underestimated the associations between ROM and FRAP and CRC. Second, follow-up time in this study was relatively short. The observed association between ROM and CRC was most likely affected by preclinical cancer, and whether high ROM levels increase CRC risk over the long term remains unclear. Third, information on the presence of other inflammatory diseases (e.g., inflammatory bowel disease, rheumatoid arthritis) at baseline was not available in our cohort. Since these conditions are also associated with a higher production of ROS, as well as with a higher colon cancer risk in the case of inflammatory bowel disease (24) , this may have caused residual confounding. However, additional adjustment for blood levels of C-reactive protein as a marker of inflammation did not markedly affect our results. Additionally, medications like statins and nonsteroidal antiinflammatory agents can affect oxidative stress (25) . Unfortunately, we did not have sufficient information on medication use to address this in our study.
Considering the lack of clear evidence for a role of ROS in the etiology of CRC and the suggestion of ROM being an early consequence of CRC, further studies are needed to examine whether measuring ROM levels may be a useful clinical tool in improving the accuracy of diagnosis and advancing the date of diagnosis among suspected cases.
In conclusion, the results of this study indicate that prediagnostic serum levels of ROM are associated with an increased risk of developing CRC. The fact that this association was observed only in participants with less than 2.63 years of follow-up strongly suggests that the association between ROM and CRC risk is a result of ROS production by Abbreviations: CI, confidence interval; IRR, incidence rate ratio; ROM, reactive oxygen metabolites. a Conditioned on matching factors and adjusted for smoking status/dose/duration, physical activity, educational level, month of blood collection, weight, height, waist circumference, intake of red meat, processed meats, alcohol, fruit, vegetables and fish.
b A 1-unit increase in SD was the same for all cancer sites: 74.4 U/mL. c Cutoff points for follow-up time were the same for all cancer sites: <2.63 years and <4.81 years. d In the total data set. e P for heterogeneity across tertiles, calculated using the heterogeneity statistic derived from the inverse variance method.
preclinical tumors, rather than a causal factor in carcinogenesis (reverse causation). Studies with longer follow-up, repeated measurements, and combined measures of reactive oxygen exposure and antioxidant status are needed to explore this complex, possibly long-term association. Additionally, further studies, particularly studies of the possible diagnostic use of ROM in clinical practice, are indicated.
